whereas, niobium exists in Nb 3+ state. Therefore, these local-average structural properties suggest chemical, structural and spatial heterogeneities. Such multiple heterogeneities are believed to play a crucial role in producing re-entrant relaxor behaviour.
Introduction
Relaxor ferroelectrics (RFEs) are important multifunctional materials that have received enormous attention in recent years due to their extraordinary properties viz. large dielectric constant with large frequency dispersion, hysteresis free polarization, electrostrictive coefficient and electro-optic properties, which are useful for multilayer capacitors, transducers, actuators, sensors, micropositioners, motors, and light valves etc. [1, 2] Family of Pb-based mixed perovskite relaxors with general formula Pb(B' x B" 1-x The T m does not correspond to any phase transition from paraelectric to long range ordered ferroelectric state. Number of models are reported to explain some of the relaxor dielectric characteristics but none has explained all the dielectric and ferroelectric properties of the relaxor [3, 4] . Lead magnesium niobate (PMN) is widely studied Pb-based mixed relaxor ferroelectric and well known for very high dielectric constant and least hysteresis loss, which is important for actuators, capacitors and deformable mirror application. At present it is clear that broad dielectric response and hysteresis free polarization behaviour of relaxors is correlated with statistical distribution of polar nano regions (PNRs) having symmetry mostly R3m distributed in the paraelectric matrix having Pm3m crystal symmetry [5] [6] [7] . These PNRs initially forms at burns temperature (T b ), which is much higher than the T m . To distinguish the PNR state below T b from the paraelectric state above T b , it is termed as ergodic relaxor (ER)
state. The number and size of the PNRs are reported to increase with on cooling below the T b .
Selected area electron diffraction along <110> unit axis and transmission electron dark field image has revealed faint superlattice reflections at ½<111> and nano-meter sized white regions, which are related to the B-site cation chemical ordering and these chemical ordered regions (CORs) are reported to present along with the PNRs. These CORs are believed to be the source of quenched random field, which does not allow PNRs to grow into long range ordered regions below T c [9] . This state of relaxors below T c is called nonergodic relaxors (NR) state due to its aging, an anomalously wide relaxation time spectrum, and thermal and history dependence characteristics of nonergodic behaviour [7] [8] [9] . A long range ferroelectric state in these relaxors is induced below T c with the application of high electric field or mechanical strain or thermal annealing or even by chemical substitution [10] [11] [12] [13] .
Out of the many relaxors, three [14] . Dielectric study has revealed relaxor behaviour with strong frequency dispersion, ε' m ~6000 at T m ~-70 o C (for 1 kHz) and temperature dependent PE loop indicating polarization switching due to domain reorientation in sufficiently large field [14] . There are number of contradiction reports on the dielectric maxima and temperature of dielectric maxima for single crystal and ceramic of PCN [14] [15] [16] [17] [18] [19] [20] . Large deviation in T m for single crystal and ceramic is still not clear. Solid solution of PCN with PZT and PT are also studied to enhance ferroelectric as well as piezoelectric properties [21, 22] . There are contradictory reports on temperature dependent magnetization studies of the PCN, e.g., Popova et al. has reported antiferromagnetic transition temperature T N ~ 130 K but only paramagnetic behaviour is reported for single crystal and ceramic down to 2 K without any short range ordering [17, 19] .
The purpose of this work is to synthesise PCN and characterize its compositional, microstructural, electric and magnetic properties and establish correlations between the dielectric and magnetic ordered state. It is already known that the Co-ion can exist in multiple valance as well as spin states, which may give interesting magnetic and dielectric properties.
Comprehensive room temperature structural analysis of PCN using synchrotron x-ray diffraction (XRD), x-ray absorption spectroscopy (XAS), and RAMAN spectroscopy and its correlation with dielectric spectroscopy, ferroelectric and magnetic properties reveals a reentrant phenomenon in PCN, which is explained by breaking of ferroelectric order by development of magnetic correlations below 150 K. Grain size, morphology of fractured surface is imaged using field emission ccanning electron microscope (FE-SEM, Carl Zeiss, SIGMA) equipped with energy dispersive spectroscopy (Oxford Inca X-Act LN2 free). Gold is sputtered on the fractured surfaces of ceramic sample. TEM samples are prepared by ultrasonically drilling 3-mm discs which were mechanically polished to ~100 µm. The center portions of these discs are then further ground by a dimpler to ~10 µm, and argon ion-milled (operating at 2-6 KeV) to perforation. The TEM studies are done on a Phillips CM200 microscope operating at an accelerating voltage of 200 kV. Room temperature Raman spectra of the sintered sample is recorded by using LABRAM HR-800 spectrometer equipped with a 488 nm excitation source and a CCD detector giving real spectral resolution of better than 0.5 cm -1 . The Jandel 'peakfit' software is used to deconvolute the overlapping modes. The fitting of the Raman spectra is [25] . The corresponding agreement factors are tabulated in Table 1 confirming a reasonably good fit. The calculated lattice parameter, 'a' = 4.0496(2) Å is consistent with the earlier reported PCN single crystal and ceramic samples [17] . It may be noted from the parameters by an order of magnitude. The split-atom approach has also been reported to improve the thermal parameter in Rietveld refinement of powder X-ray diffraction and neutron diffraction data of PMN [25] . Further Raman spectra analyzed on the basis of structural observation.
Experimental details

Raman spectroscopy
Raman scattering spectroscopy is an effective tool to study the local structures of Pb based mixed perovskite complex materials, because local symmetry of nano regions is different from that global symmetry and these are governed by different selection rules [26] . space group, the first-order Raman modes are forbidden by symmetry. But, Fig. 3 (a) shows many broad and overlapping Raman bands, which is consistent with presence of large disorder in PCN system similarly to that in the PMN [26] [27] [28] [29] . Qualitatively both Raman spectra are similar at first glance, which is obvious because of the same structure. On comparing with the PMN spectrum, positions of few modes are found red shifted with larger intensity and FWHM. The Raman spectrum of the PMN is due to i [28, 29] . The room temperature Raman spectrum is de-convoluted using pseudo-voigt distribution peak profile. Figure 3 (b,c) shows the deconvoluted PCN Raman spectra in 50-400 cm -1 and 400 to 800 cm -1 wavength range for clarity. It may be noted that few soft Raman modes around ~50 cm -1 are not visible due to experimental limitation. The difference between observed and theoretically predicted modes is due to overlapping of Raman modes and presence of disorder, which makes it impossible to distinguish all modes. These results are consistent with the Raman study reported for PMN and PMN-PT ceramics [28, 29] . Therefore, the Raman study reveals the presence of nano scale 1:1 non stoichiometric order of B-site cations regions (CORs) and the rhombohedral symmetry polar nano regions (PNRs) distributed randomly in the matrix of cubic symmetry.
TEM
Presence of the CORs and the PNRs in PCN ceramic is directly visualized using <110> zone selected area electron diffraction (SAED) pattern and with bright field TEM imaging, respectively [32] . Figure 4(a,b) represents the bright-field and SAED pattern imaging of PCN ceramics. Local random contrasts are seen in Fig. 4(a) , which represents the polar nano-domains at room temperature. The average size of these polar nano-domains is less than 5 nm and consistent with its presence below the Burns temperature [32] [33] [34] [35] . 
XANES
XANES is an element specific spectroscopic tool which provides information about oxidation states, local coordination and electronic structure (hybridization effect of orbitals)
of the elements present in the sample [36] . Edge step normalized Co K-edge XANES spectra of PCN is compared with the Co metal foil, cobalt oxide and CoF3 standards in Fig. 5(a) . Kedge XANES spectrum of Co-ion relates the transitions, 1s→4p and 1s→3d to main and preabsorption edge, respectively. The pre edge feature of XANES spectrum shows crystal field splitting of 1.0 (± 0.04) eV between e g and t 2g states, indicating a mixture of high spin states of both Co 2+ and Co 3+ and is shown in upper inset of the Fig. 5 (a) [37] [38] [39] . Energy position of the main absorption line is determined from the maximum energy value of first order differentiated spectrum, which provides the oxidation state of the absorbing atom. It is clear from Fig. 5(a) [17, 20] . As the sample is cooled the dielectric constant increases and a broad diffused maximum in dielectric constant (ε m ~4400) is observed at temperature T m ~260 K, which indicates the existence of a phase transition [15] . Below T m ~260 K, there are two ε" -T peaks marked by I (~120 K) and II (200 K), which are clearly visible in Fig. 6(b) . The ε" m1 and T" m1 increases with increase of frequency similar to relaxors. In region II, ε" m2 and T" m2 behaves akin to region I but this hump is present only above 10 kHz frequencies. On further cooling below T m , dielectric constant decreases down to 80 K with an anomaly near 160K and below this frequency dependent ε' is observed. The observed low temperature glassy phase appeared below phase transition temperature (~250 K) is called re-entrant phase [40] . Therefore, the temperature variation of dielectric constant of PCN above 320 K is fitted by Curie-Weiss law (Eq. 2) and broad diffused maximum is described using quadratic form of Curie-Weiss law (Eq. 3) given as follows [41] 1/ ε (T, ω) = (T-T cw )/C (2)
where, C is the Curie constant, T cw is Curie-Weiss transition temperature, ε A (> ε m ), T A (< T m ) and δ A are fitting parameters, practically independent of frequency and valid for long range of temperatures [41] . It is noted that the effect of frequency dependent relaxation in all three regions is prominent in imaginary part of permittivity and not clearly observed in real part of dielectric permittivity, which may be due to masking of the real feature by high conduction losses. fitting with cluster glass model [42] . The cluster glass model (Eq. 4) is reported, based on critical slowing down dynamics of PNRs, which is well known in magnetic cluster glasses and structural glasses. Table 2 are well within the limit of its physical significance.
A sudden increase in the tan δ is observed in region III and is shown in Fig. 5(c) , which is associated with hopping electrons or/and ionic conduction loss. To determine the different conduction processes overlapping in regions III, temperature dependence of ac conductivity is calculated using Eq. 5.
The plot of ln σ ac vs 1000/T clearly shows different slopes below and above 250K and is shown in Fig 6(e) . The data points are related with the Arrhenius relation and activation energies corresponding to various thermally activated processes is calculated. The activation energies in different temperature regimes are E a1 ~0.471(4) eV and E a2 ~0.196(3) eV. The activation energies in the range 0.1-0.3 eV is reported for localized hopping of polarons and 0.3-0.5 for and 0.6-1.2 eV is associated to single-ionized and doubly-ionized oxygen vacancies, respectively [43] . Similarly, the activation energy, E a1 ~0.471 (4) Figure 7 (a-c) shows P-E loop traced for PCN at 275, 180 and 80 K when 10 kV/cm external field is switched at 50 Hz. The P-E loop at 275 K is consistent with switching of field induced polar regions displaying low coherent length among the polar regions. On cooling to 180 K, the coherent length increases and the cooperative interaction leads to antiferroelectric phase transition, which is clearly shown by double P-E hysteresis loop at 180 K.
Polarization
Further cooling to 80 K, leads to development of frustration among the polar regions which resulting into critically slowing down of the polar nano-regions dynamics. Figure 7(d) compares the temperature dependence of P max , P r and E c revealing the paraelectric to antiferroelectric transition and then the coupling between the polar regions become frustrated below 150 K leading to reduction of polar region size, i.e., re-entrant behaviour. The dynamics of the polar nano-regions slows down below 110 K, which is consistent with reduced P max and hysteresis loss. The frustration is believed to develop near 150 K, where anti-ferromagnetic coupling is reported.
Magnetization
Temperature dependence of zero-field-cooled (ZFC) dc susceptibility measurement in temperature range of ~5 K to 300 K under an applied field of ~ 100 Oe is carried out. There are contradictory reports about the magnetic ordering of PCN, e.g., Venevtsev et al. has reported AFM phase transition at T N ~130 K but Chillal et al. have observed paramagnetic behaviour in single crystal of PCN with an additional anomaly near 50 K, which is reported to be suppressed by the application of high magnetic field [18, 19] . ordering is believed to be due to the presence of enhanced degree of disorder at the B-site.
The magnetization versus magnetic field (M-H) curve recorded at 300 K and 5 K are compared in Fig. 8(b) . The room temperature M-H curve of the PCN shows linear dependence between magnetization and magnetic field and non-linear dependence, which tends to saturate at low temperature 5K suggesting locally anti-ferromagnetic regions but globally paramagnetic nature [ Fig. 8(b [19, 37, 38] . 
Magnetodielectric effect
Conclusion
Temperature dependent dielectric and ferroelectric properties revealed re-entrant low temperature relaxor behaviour near T m ~120 K for 1 kHz along with a diffused transition, 
